ABSTRACT
S
pontaneous intracranial hypotension is an increasingly recognized phenomenon characterized by leakage of CSF from the spinal thecal sac. Although the pathogenesis of this disease is not fully understood, diverticula of the spinal nerve roots are thought to represent common sites where CSF leaks originate. 1, 2 Numerous reports have described the presence of large or irregular diverticula in patients with SIH, with some reports offering surgical confirmation of CSF leaking from dural defects localized to meningeal diverticula. 3, 4 In a substantial number of SIH cases, no direct leak is visualized at CT myelography, and meningeal diverticula may be the only myelographic finding (Fig 1) .
Optimal diagnosis and treatment of SIH, including the role of spinal meningeal diverticula in diagnostic and therapeutic algorithms, remain a subject of debate. For example, the presence of spinal diverticula has been proposed as 1 criterion in diagnosing SIH. 5 Such an approach is not entirely straightforward, however, because diverticula can be observed in asymptomatic patients and no criteria have been described for discriminating normal and abnormal diverticula. 6 From a therapeutic perspective, surgically exploring or empirically targeting spinal meningeal diverticula with blood or fibrin glue patching has been proposed, 5, 7 an approach that can be challenging when a large number of diverticula are present. It is therefore important to determine whether diverticula present in patients with spontaneous CSF leaks are different from diverticula in normal patients. To our knowledge, no studies have previously compared the prevalence or appearance of spinal meningeal diverticula in patients with SIH and healthy controls. The purpose of this investigation was to compare the myelographic appearance of spinal nerve root sheaths and associated meningeal diverticula in patients with SIH and healthy controls.
Our hypothesis was that patients with SIH would demonstrate an increased number of diverticula and that diverticula in patients with SIH would more likely be irregular, large, and predominantly located in the upper thoracic spine.
MATERIALS AND METHODS

Subjects
This investigation was a retrospective case control study comparing the CT myelographic appearance of spinal meningeal diverticula in patients with and without SIH. The investigation was approved by the local institutional review board and was Health Insurance Portability and Accountability Act-compliant. A waiver of informed consent was obtained for this retrospective review.
Cases were identified by reviewing the PACS archive for CT myelograms obtained between January 2006 and January 2011, with a clinical indication of headache or suspected intracranial hypotension. Clinical history and brain imaging studies were reviewed in consensus by 2 neuroradiologists. Patients satisfying ICHD-2 criteria for the diagnosis of SIH were included. 8 Patients with equivocal clinical or imaging findings who failed to satisfy the ICHD-2 criteria were excluded.
Control patients were identified by reviewing the PACS archive for CT myelograms covering the cervical, thoracic, and lumbar spine obtained during the same period, without a clinical indication of headache or SIH. Clinical records of patients in the control group were reviewed to determine the indication for the study and comorbidities. Exclusion criteria for the control group consisted of the following: documented presence of a primary or secondary headache disorder, documented connective tissue disorder, congenital spinal deformity, technically inadequate myelogram, or a block to contrast that precluded assessment of all imaged levels.
For patients with SIH, lumbar puncture and myelography were performed under CT fluoroscopy, by using the technique previously described by the authors. 7 For control patients, conventional fluoroscopic guidance was used to inject the myelographic contrast, and the patient was then transported to the CT scanner for imaging. Studies were reviewed on a PACS workstation in consensus by 2 neuroradiologists who were blinded to clinical history. Demographic information was collected from both patient groups.
Image Analysis
Images were analyzed for the presence of meningeal diverticula occurring at the level of the nerve root sleeve. Each identified diverticulum was classified as round or multilobulated in morphology; representative examples of each morphologic type are depicted in Fig 2. Diverticular size was trichotomized into 3 groups: 0 -3, 4 -6, and Ͼ6 mm (Fig 3) . Location was categorized as cervical, upper thoracic (T1-T6), lower thoracic (T7-T12), and lumbar. The presence or absence of extrathecal contrast collections around the spine due to rapid active CSF leakage (Fig 4) was also recorded.
We have observed some cases of SIH nerve root sleeves that are of normal tubular contour but show prominent filling on myelography. Because CSF leaks have been described from abnormal "nude" nerve root sleeves and other dural abnormalities of the nerve root sheath in the absence of spinal meningeal diverticula, 3 we also investigated the prevalence of such "prominent" nerve root sheaths (Fig 5) . Because in our experience, nerve sheath dilation is seen commonly in the lower lumbar and sacral spine in healthy patients but spontaneous CSF leaks are rarely encountered in these locations, 9, 10 we excluded the lower 3 lumbar and sacral levels from analysis.
Statistical Analysis
Statistical analysis was performed by using SAS (Version 9.2; SAS Institute, Cary, NC). The 2 test was used to compare differences between groups in sex and the proportion of patients with diverticula present. The Wilcoxon rank sum test was used to compare groups as to patient ages and diverticula per patient based on sex. The Fisher exact test was used to compare groups for the presence and prevalence of prominent nerve root sheaths. Differences between groups in the proportion of diverticular morphology, location, and size were assessed by using the generalized estimating equations test of difference, because these data are clustered or correlated in that they represent multiple diverticula from the same patient. A P value of Ͻ.05 was considered statistically significant.
RESULTS
Nineteen patients were included in the SIH group, and 18 patients were included in the control group. Demographic data are summarized in Table 1 . There was no difference in patient age between the SIH and control groups (P ϭ .19). There was a greater proportion of female patients in the SIH group compared with the control group (74% versus 33%, P ϭ .014). Analysis of diverticular numbers based on sex, however, showed no difference between men and women (Table 2) . Clinical indications for the myelograms obtained in the control group included musculoskeletal pain (n ϭ 8), myelopathy (n ϭ 8), suspected cord compression (n ϭ 1), and suspected spinal cord herniation (n ϭ 1).
Spinal meningeal diverticula were observed in 13/19 patients with SIH and 8/18 controls, a difference that was not statistically significant (P ϭ .14) ( Table 3 ). There was also no difference in the mean number of diverticula per patient between the SIH and control groups (mean diverticula per patient, 9.2 Ϯ 8.2 versus 4.9 Ϯ 3.3; P ϭ .099).
Analysis of diverticular morphology, size, and location is summarized in Table 4 . No difference was seen in the relative prevalence of round or multilobulated diverticula in the SIH compared with control group (P ϭ .95) nor was there a difference in the distribution of diverticular sizes between groups (P ϭ .71). Diverticula were found most commonly in the thoracic region, with the lower thoracic region representing the largest single subgroup in both the SIH and control groups. There was a difference in location between the groups that just reached statistical significance (P ϭ .05), with slightly higher proportions of diverticula in the upper thoracic and lumbar regions in the SIH group. In the SIH group, an extradural contrast collection indicative of a rapid CSF leak was present on CT myelograms in 10 of the 19 patients (52%). Among the subgroup of patients with SIH with a rapid CSF leak and extradural contrast collection, there were significantly fewer diverticula per patient compared with those in patients with SIH, in whom no extradural collection was identified (mean diverticula per patient, 1.5 Ϯ 2.9 versus 12.8 Ϯ 8.4; P ϭ .005). No CSF leaks were seen in the control population.
Prominent nerve root sheaths (ie, nerve root sheaths seen filling with contrast after myelography) were more than twice as common in patients with SIH compared with controls (P ϭ .004), though these prominent nerve root sheaths were seen in both the control and SIH groups (Table 3) .
DISCUSSION
Our investigation revealed no difference in the prevalence of spinal meningeal diverticula in patients with SIH compared with healthy controls. We found no significant differences in the number, size, or morphology of these diverticula between the 2 groups and only minimal differences in the distribution of diverticula along the spinal axis. These results suggest that diverticula are common and cannot be used in isolation to distinguish patients with from those without SIH.
The association between SIH and spinal diverticula is wellestablished, with a large number of surgically and radiologically proven cases of CSF leaks originating from abnormal spinal meningeal diverticula. 11, 12 Our results suggest that that the presence or macroscopic features of these diverticula alone do not account for the propensity to develop CSF leaks, however. Some authors have speculated that connective tissue weakness may contribute to the formation of dural defects and fragile diverticula, which may then rupture spontaneously or with minimal trauma, 13,14 a hypothesis developed out of the observed association between SIH and genetically mediated connective tissue disorders such as Marfan and Ehlers-Danlos syndromes. [15] [16] [17] Our findings do not contradict this hypothesis; however, the presence of diverticula in healthy control patients suggests that connective tissue disorders are not a prerequisite for the formation of diverticula and that the presence of the diverticula alone is not sufficient to cause spontaneous CSF leaks. Rather, microstructural differences within the tissue composing the diverticula may play a larger role in CSF leak development than macrostructural features such as size, shape, or location. Although prominent nerve root sheath filling was seen in both patients with SIH and healthy controls at myelography, this phenomenon was observed in a greater number in the SIH group. The significance of this observation remains to be determined. It is possible that an underlying structural or developmental variation could cause a predisposition to both spontaneous CSF leaks and dilation of nerve root sheaths (resulting in their subsequent filling on myelography); however, to our knowledge, there is no direct evidence that confirms this hypothesis.
Our results have implications for both diagnosis and treatment of SIH. The revised International Classification of Headache Disorders criteria currently are the most widely accepted guide- Note:-Min indicates minimum; max, maximum. a P value based on a 2 test of the difference between proportions. b P value based on the Wilcoxon rank sum test of the difference between medians. c P value based on the Fisher exact test of the difference between proportions.
lines for establishing the diagnosis of SIH. Nevertheless, there is agreement among many authors that the clinical and imaging features of SIH are more varied than the stereotypical symptoms reflected by the ICHD-2 criteria. 18 In response to the increased recognition of this diverse spectrum of findings, alternative criteria for diagnosing SIH have been proposed. 5 These revised criteria propose the use of spinal meningeal diverticula as a criterion for diagnosing SIH, among other factors. While we strongly support the adoption of diagnostic criteria that include the wider spectrum of clinical and imaging findings that can be seen with SIH, our results suggest that using the presence of diverticula as a diagnostic criterion for SIH would not be justified because they are seen commonly in healthy patients (Fig 6) . With regard to the treatment of SIH, spinal meningeal diverticula have also been proposed for targeted therapy, either via surgical approaches or by using percutaneous blood or fibrin glue patching. 7, 10, 19 The use of such a targeted approach is supported by evidence that treating as close as possible to the site of CSF leak is beneficial. 9 Nevertheless, in a substantial number of cases, imaging does not confirm a definite leak site, presumably due to slow or intermittent CSF leakage. In such patients, it would be useful to predict, from anatomic clues, which diverticula were most likely to be predisposed to leaks. The findings from the present study imply that the myelographic imaging characteristics of any single diverticulum cannot reliably be used for discriminating leaking from nonleaking diverticula when extravasation of CSF is not directly identified. In our opinion, it is likely that new techniques that are more sensitive for detecting small amounts of leaking CSF will have to be developed if optimal treatment of such slow or intermittent CSF leaks is to be achieved. Interestingly, spinal diverticula were found to be significantly more numerous among patients with SIH and no leak seen on myelography than among their counterparts with SIH in whom a rapid leak was detected. It is possible that this finding could reflect a difference in the etiology of fast leaks compared with slow or intermittent leaks. Alternatively, technical factors may contribute to this observed difference, such as underfilling or underdistension of diverticula in the presence of a rapid leak.
Our investigation has several limitations. First, a limited sample size in this retrospective investigation could potentially result in insufficient power to detect small differences between the 2 groups. However, given the overlap in diverticular characteristics seen in our study, it is doubtful that detection of these small differences would result in clinically useful cutoff values for size, location, or morphology that would allow discrimination of patients with SIH from controls with a high degree of specificity. In a larger sample, differences might be found among subgroups of patients with different types of CSF leaks, such as those with slow or intermittent leaks, given the increased prevalence of diverticula in this group. Second, CSF leaks have been reported to be caused by etiologies unrelated to the spinal nerve root (such as disk protrusions and osseous spurs). [20] [21] [22] These etiologies could provide alternate mechanisms for causing CSF leak that would not be dependent on meningeal diverticula. We found no imaging evidence of these alternative pathologies in our patient group, however, and think that their impact on our patient sample is likely negligible.
CONCLUSIONS
Despite the well-established association between spinal meningeal diverticula and spontaneous CSF leakage, our investigation found no differences in the prevalence, number, morphology, or size of spinal diverticula in patients with SIH compared with controls. These findings suggest the need to re-evaluate and further explore the role of spinal meningeal diverticula in the diagnosis and treatment of spontaneous intracranial hypotension. In particular, developing techniques more sensitive for detecting subtle 2 (5) 17 (14) a P value based on the generalized estimating equations test of the difference between groups in proportions in morphologic categories while accounting for multiple observations per patient.
